This study investigates the removal of silica and alumina as impurities from hematite based low-grade iron ore containing 34.18 mass% iron, 31.10 mass% of silica and 7.65 mass% alumina. Wet high-intensity magnetic separation (WHIMS) and reverse flotation (RF) were investigated. In WHIMS process, 93.08% of iron was recovered with a grade of 53.22 mass% at an optimum magnetic density of 10,000 mT, and pulp density of 2% used the L-4 machine. In RF experiments, optimal results showed 95.95% of iron recovered with 51.64 mass% grade using 1 kg/t of 1% alkaline starch as iron depressant and 1:1 mixture ratio of 0.75 kg/t DAA and NaOL as silica and alumina collectors. The designed multi-stage process involving feeding the concentrate from WHIMS into RF process reduced silica to 2.02 mass%, alumina to 1.04 mass% whilst recovering 81.94% of the iron with 67.27 mass% grade. As a result of this research, a process to produce high quality iron concentrate from hematite based low-grade iron ore with high iron recovery rate was constructed.
Introduction
The increase in demand for iron in the steelmaking industries and the depleting high-grade iron ores has led to the alternative extraction of iron from hematite based low-grade ores [1] . The low-grade iron ores contain higher grades of silica and alumina as gangue mineral assemblages with oxides of phosphorus existing in small quantities [2] . In this study, Sanje ore of Nampundwe area of Zambia containing 31.10 mass% grade of iron and more than 38 mass% silica-alumina gangue minerals as impurities was used. The ore contains high alumina and silica and it is to be used as feed in steelmaking; however these impurities adversely affect the production of pig iron and steel [3] . High silica and alumina also form high viscous slag with greater volume in blast furnaces which requires more flux [4] . Therefore, these impurities need to be removed before feed into the steel making process.
Magnetic separation and flotation are the two commonly used iron beneficiation processes and selecting the most effective process to treat low-grade ore depends mainly on the mineralogical structure of the ore especially the aggregation of Iron with gangue minerals [5] . Magnetic separation using wet high-intensity technique has become one of the most suitable methods for recovery of iron from low-grade ores [6] , due to its better separation efficiency as compared to dry magnetic separation and gravity separation [7] . Flotation processes using either cationic or anionic collectors are therefore considered as the more most effective methods to separate iron-gauge minerals which are aggregated together and are weak magnetic particles [8] . Many studies on reverse magnetic flotation put across performances comparison between anionic and cationic collectors in terms of iron recovery and gangue separation efficiencies. In many cases, anionic collectors have lower recovery efficiencies due to poor selectivity while cationic exhibits low efficiency due to high viscosity and low foam mobility [9] . Cationic reverse flotation is usually pH dependent process and is done effectively at lower pH range from pH 9 to 10 as compared to anionic flotation which is done for pH range from pH 11 to pH 12 (Ana et al., 2017) [10] . However, even with these technologies, it could not build a capable process of collecting high grade iron concentrate with high iron recovery from hematite-based ores.
This research aimed at designing a process to produce iron concentrate with minimal silica-alumina content of less than 7 mass% and higher iron grade of more than 60 mass% to meet both market requirement and production target.
Wet high-intensity magnetic separation (WHIMS) was investigated; however it could not completely remove the silica-alumina gangue particles entrapped and aggregated with iron particles. Reverse flotation using cationic, anionic collectors and their combination also were investigated. The multi-stage separation processes were designed and compared and the best process with less metal loss for impurity removal was established based on experimental results.
Experiment

Sample Preparation
The sample was prepared by crushing the ore to 2 mm using the P-1 Jaw crusher (Fritsch Co, Ltd.) and milling 200 μm using P-13 disc mill (Fritsch Co, Ltd.).
Chemical composition analysis for the milled samples was done using X-ray flu- 
Procedure for Magnetic Separation
All magnetic separation experiments were done using the Series L Model 4 (L-4 Machine) laboratory magnetic Separator (Eriez Magnetics Co. Ltd.). Wire mesh (expand metal) or pipe matrix fixed inside the casing of L-4 machine were used as magnetic particle collectors. The effect of magnetic flux density on silica and alumina removal was first investigated by adjusting for 3000, 5000, 7500 and 10,000 mT while pulp density and pulp flow were kept constant at 2% and 7 L/min respectively. The value of the magnetic flux density indicates the value obtained by measuring the magnetic flux density at the center of the collection box filled with the matrix. The effect of feed pulp density on iron recovery investigated by adjusting the density of slurry fed into the machine to 2%, 2.5%, 5%, 7.5% and 10% at the optimum magnetic field intensity obtained from the first stage while keeping the pulp flow of 7 L/min. 
Procedure for Reverse Flotation
Flotation experiments were carried out using 237 FL flotation machine (Mekhar-Tekhnika Corp.) with 500 mL capacity, mixing at 900 rpm and 0.5 L/min of air injected. The effect of pH, collector dosage, iron depressant (starch) dosage were studied to establish best flotation parameters. 0.1% of sodium oleate (NaOL) was used as an anionic collector and 0.1% dodecyl amine acetate (DAA)
as a cationic collector. Alkaline starch prepared by 1% starch (C 18 H 32 O 16 ) and 0.1% sodium hydroxide solution mixed to 1:1 molar ratio was used as an iron depressant and methyl isobutyl carbinol (MIBC) was used as frother.
Results and Discussion
Magnetic Separation
Effect of Magnetic Density
The effect of magnetic density on iron recovery and gangue removal was investigated at constant pulp flow using the expand metal as magnetic collector in Figure 2 . Recovery of iron and its grade increased with increase in magnetic intensity. Evidently, iron recovery improved from 76% to 93% with an increase in magnetic field density from 3000 mT to 10,000 mT. Silica content in the concentrate was reduced to 18.79 mass% at 10,000 mT as compared to 19.98 mass% at 3000 mT. Increase in the magnetic field beyond 10,000 mT resulted in decreased recovery due to the buildup of magnetic particles on matrix [6] [11]. Figure 3 shows that recovery of iron decreased from 93% to 91% for pulp density of 2% to 2.5% at constant magnetic field density of 10,000 mT. Further increase in pulp density caused a relatively decreasing trend in iron recovery and lower silica-alumina gangue removal. The optimum pulp density was obtained at Figure 2 . Changing of iron recovery and grade as a function of magnetic density on WHIMS (Conditions: pulp density 2%, pulp flow rate 7 L/min, matrix expand metal).
Effect of Feed Pulp Density
2.5% at which 89% of iron was recovered with the grade of 49.72 mass% having 4.19 mass% alumina and 18.08 mass% of silica. At 2.5% the solid-liquid ratio at which the magnetic forces dominated over the liquid drag force. Lower pulp density increased pulp flow reduced the probability at which the particles were induced and captured by the matrix. Alternatively, higher pulp flow caused overcrowding on the matrix and reduced separation efficiency [12] [13]. Figure 4 shows effect of matrix equipment on recovery and grade. The optimum magnetic field density of 10,000 mT and feed pulp 2.5% was used to investigate 89% was obtained for the expand metal while 93% was recovered using the pipe matrix. The iron grade also showed the higher content of 51.38 mass% when the pipe matrix was used as compared to the expand metal. This result shows that the pipe matrix has a simple structure compared with the expanded metal, hence the entrainment of silica and alumina was low and the iron minerals could be efficiently recovered. Figure 5 shows the effect of pH on the flotation of silica and alumina using DAA as cationic collector. Silica trend shows its lowest content of 31 mass% in concentrate at pH 8 and it was not removed with further increase in pH. Iron grade trend shows a slight increase from pH 6.8 to 8. Further increase of pH from 8 to pH 10 shows a relatively constant trend on Iron grade. The reaction mechanism of alumina and silica with amine collectors depends on the surface charge of the mineral particles [14] . The overall mineral surface charge in slurry strongly depends on the pH of the slurry [15] . When surface charge and the zeta potential of the hematite are more negative, the hydrophobicity of quartz increases. Increase in hydrophobicity of quartz during hematite flotation is attributed to more silicates attracted to cationic collectors and consequently increased silica-alumina recovery in the froth [16] . Recovery of Iron shows a constant trend also with an increase in pH, this indicates that there was no direct dependence on pH for the flotation of silica and alumina using DAA collector alone.
Effect of Matrix
Reverse Flotation
Effect of Slurry pH
Effect of DAA Dosage
The effect of DAA collector dosage on flotation of silica and alumina was Figure 6 show that there was no iron recovered when 0.25 kg/t of DAA collector was consumed. Increase in collector dosage from 0.50 kg/t to 1 kg/t using 0.1% DAA shows increase in iron recovery with over 76% iron recovered for 1 kg/t DAA consumption. More alumina and silica was also removed as collector dosage was increased from 0.50 to 0.75 kg/t. Further addition of 0.1% DAA showed no further alumina reduction which implies that 0.75 kg/t of 0.1% DAA was sufficient to allow the formation of a monolayer coat on alumina particles hence allowing it together with small silica bearing particles to report to the froth [17] .
More floatation experiments were done using sodium oleate (0.1% NaOL)
collector in addition to DAA collector to improve the adsorption selectivity and consequently increase the ejection efficiency of silica and alumina [18] .
Iron recovery shows an increasing trend with the addition of the NaOL as shown in Figure 7 . The Iron recovery increased from 68.45% when DAA has used alone to 76.24% when the collector mixture of DAA and NaOL of 1:1 ratio was used. The suitable molar ratio was obtained at 1:2 which corresponds to the lowest silica content of 28 mass%. Further addition of NaOL showed a relatively decreasing trend for both Iron grade and silica floatability.
Effect of Starch Depressant
To remove iron from floating together with silica and alumina, dextrin starch was used as a depressant. Additionally, 0.2 kg/t of CaO was added as activator of iron recovery decreased from 98.46% to 95.95% with increased dosing from 0.25 to 1 kg/t. Similarly, Silica and alumina also were reduced with an increase in alkaline starch dosage to 20.60% and 2.90% respectively.
The improvement in both recovery and grade of iron as shown in Figure 8 indicates that starch was necessary to depress iron during flotation. The adsorption of starch on iron oxide was then investigated by infra-red analysis of the concentrate produced after starch dosing. Figure 9 shows FT-IR spectra of feed sample and starch added sample. The stretching vibration peak characterized at 1005 cm −1 indicating the Si-O bond indicating the presence of silicate [19] . After contact with starch, weak CH 2 bonds were found and characterized by the small DAA was also used as a cationic collector whose interaction with silica-alumina particles resulted in the formation of a repulsive charge on iron bearing particles.
Comparison of Combination Process of Magnetic Separation and Reverse Flotation
Extraction of iron from Sanje ore by single stage magnetic separation or flotation process did not produce high grade iron concentrate with silica and alumina content. This is because Sanje ore has iron mineral particles which are strongly aggregated with silica and alumina and disintegration using single separation technique was difficult. As shown in Table 2 , the second-stage magnetic separation processes was investigated using optimum conditions obtained from the first stage, namely, 10,000 mT of magnetic field density, 2.5% pulp feed density, 25 µm as feed particle density as suitable magnetic particle collection. Two-stage magnetic separation recovered 92.87% of iron with a grade of 67.07 mass% containing 1.30 mass% of alumina and 2.14 mass% silica. In the two-stage reverse flotation process, optimum conditions from the first stage process, such as collector dosage, starch dosage were also used in the second stage flotation. The combination process involving magnetic separation followed by reverse flotation involved using the concentrate from magnetic separation and optimum condi- shows in Figure 10 . The magnetic separation followed by flotation process which recovered 89.50% of iron having a higher grade of 67.27 mass%. Silica and alumina were reduced to 2.04 and 1.04 mass% respectively. More alumina and silica were removed during magnetic separation followed by flotation process because the iron-silica and iron-alumina aggregated minerals were separated more by their difference in floatability [21] because there are weak magnetic particles and was difficult to separate them during two stage magnetic separation.
Conclusions
The mineral processing technique for effective removal of impurities from Sanje Figure 10 . The proposed combination process of magnetic separation and reverse flotation for upgrading of low grade iron ore. J. Minerals and Materials Characterization and Engineering
Iron ore was established and therefore this study concludes that; 1) Effective removal of impurities from Sanje ore using wet high-intensity magnetic separation requires lower feed pulp density of 2.5% and higher magnetic field intensity of 10,000 mT. However, higher Iron grade with minimum impurities is not attained by single magnetic separation process with just up to 53.22 mass% iron grade attained with 12.01 mass% silica and 3.94 mass% of alumina.
2) Reverse flotation using a mixture of cationic and anionic collectors (dodecyl amine acetate (DAA) and sodium oleate (NaOL)) shows a better silica-alumina gauge removal than when only DAA is used. However, it requires the use of starch as iron depressant.
3) A combined process of magnetic separation and reverse flotation is effective for removal of silica and alumina from Sanje ore. As proposed circuit, iron grade of obtained concentrate was 67.27 mass% and 81.94% of iron was recovered. Much of silica is reduced to 2.02% and alumina 1.04% remaining in the concentrate.
As a result of this research, a process to produce high quality iron concentrate from hematite based low-grade iron ore with high iron recovery rate was constructed. Impurities contained in iron ore include phosphorus and sulfur in addition to silica and alumina. It is necessary to investigate the process of processing low-grade iron ore considering these impurities in the future.
